Invertebrates lack an adaptive immune system and rely on innate immunity to resist pathogens. The response of Drosophila melanogaster to bacterial and fungal infections involves two signaling pathways, Toll and Imd, both of which activate members of the nuclear factor (NF)-B family of transcription factors, leading to antimicrobial peptide (AMP) gene expression. In this chapter, we present the current methods used in our laboratory to monitor the activity of both signaling pathways.
Introduction
Innate immunity serves as a first-line defense against microbial invaders and is common to all metazoans. Drosophila melanogaster, the fruit fly, shows a potent host defense when challenged by various microorganisms. Studies on the fly immune response have provided evidence for similarities between mammalian and Drosophila innate immunity. Hence, this organism appears to be a suitable model system for studying the innate immune defense.
The Drosophila immune response consists of multiple cellular and humoral response mechanisms including activation of phagocytosis by specialized blood cells (hemocytes and plasmatocytes), melanization, coagulation, and 
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synthesis of antimicrobial peptides (AMPs) by the fat body (functional equivalent of the mammalian liver). Seven classes of inducible AMPs with activity spectra directed against bacteria or fungi have been identified in Drosophila. Their expression is controlled by members of the nuclear factor (NF)-B family transcription factors, which are activated by two evolutionary conserved signaling pathways, Toll and Imd (1, 2). The Toll pathway is activated mainly by Gram-positive bacteria and fungi, whereas the Imd pathway mostly responds to Gram-negative bacterial infection (3, 4).
In this chapter, we describe the techniques currently used in our laboratory to monitor the Toll and Imd pathway activities by measuring AMP gene expression after infection. We also include methods used to perform survival analyses, because inactivation of either of these pathways can lead to increased susceptibility to microbial infection.
Materials

Fly Strains
1. Wild-type flies: Canton S and Oregon R . 2. Toll pathway mutant strain: spz rm7 /TM6C. spz rm7 is a null mutation generated by ethyl methane sulfonate (EMS) mutagenesis in spätzle that encodes the ligand of Toll (5). Several markers of the original stock (M317, Tübingen stock center) including ebony were removed by recombination (6). spz rm7 homozygous flies are viable, but females are sterile and lay dorsalized embryos.
Other mutations affecting the intracellular components of the Toll pathway (Tl, pll, tub, dif, MyD88) can be used instead of spz rm7 . 3. Imd pathway mutant strain: Rel E20 , e + (3). Rel E20 is a deletion of relish (that also affects a nearby gene), which encodes the NF-B targeted by the Imd pathway (7).
Other mutations affecting the Imd pathway (imd, dredd…) may be used as positive controls. 4. Strains carrying reporter genes are described in Table 1 .
Bacterial Strains
1. Gram-negative bacteria: Escherichia coli strain 1106, Erwinia carotovora carotovora 15 rif R (Ecc15) and Pseudomonas entomophila rif R . After oral infection, Ecc15 induces a systemic immune response in larvae but not in adults (8), whereas P. entomophila is an entomopathogenic bacterium that can trigger a systemic immune response in both larvae and adults (9). Table 2 ).
Methods
The patterns of AMP expression can be classified into three categories (10). Monitoring AMP gene expression is one of the easiest ways to determine Toll and Imd pathway induction. The Diptericin (Dpt) gene encodes an antibacterial peptide secreted by the fat body in response to Gram-negative bacterial infection. This gene is tightly regulated by the Imd pathway, and its expression profile provides an accurate readout of Imd pathway activity. Drs encodes an antifungal peptide. In contrast to Dpt, which is exclusively regulated by the Imd pathway, Drs is largely regulated by the Toll pathway but is also partially induced by the Imd pathway after Gram-negative bacterial infection (3). Both genes are generally used as reporter genes of Toll and Imd pathway activation.
Analysis of Dpt and Drs transcripts by real-time quantitative PCR (RTqPCR) together with the use of reporter genes is commonly performed to monitor the pattern of AMP gene expression. The methods described below outline (1) the preparation of microbes, (2) the infection of larvae and adults flies, (3) the use of reporter genes, (4) the -galactosidase titration, and (5) the RT-qPCR assays to check AMP gene expression.
Besides, mutants deficient in the Toll and/or Imd pathway succumb to microbial infection. Monitoring fly survival after infection is thus another way to estimate the activity of both pathways. Corresponding protocols are described in Subheading 3.4. 
Preparation of Microorganisms
Bacterial Pellets
Fungal Spores
1. Spread B. bassiana spores on Petri dishes with malt-agar and incubate at 25-29°C.
Use glass beads to obtain well-covered plates. The fungal hyphae will germinate after 3-5 days at 25°C. 2. After 10-30 days, check for the presence of dust-like spores. Store well-sporulated plates at 4°C for infection experiments and keep for 3 months.
To store B. bassiana spores, proceed as following:
1. Collect spores into a 50-ml vial by washing the Petri dishes with 10 ml of sterile water and separating spores from hyphal bodies through a funnel lined with glass fibers. 2. Centrifuge spores at 2600 × g for 15 min at 4°C. 3. Quantify the number of spores per ml using a hemacytometer (generally around 10 9 to 10 12 spores per ml). 4. Store spores in 20% glycerol for several months at 4°C or several years at -70°C.
Infection of Drosophila Larvae and Adults by Microorganisms
Infection of flies is performed either by introducing microbes directly into the body cavity or by natural infection without injury. Additional information on infection procedures can also be found in ref. 13.
Septic Injury
Adults
Infection of adult flies by septic injury requires the use of a thin metal needle (0.5 mm diameter) mounted on a small handle. Sterile injury of flies is used as an internal control to ensure that pricking has no effect on the studied mutants.
1. Dip the needle into a microbe solution. 2. Prick the lateral side of the thorax of a CO 2 -anesthetized fly. 3. Separate the fly from the needle with a brush and put them in a clean vial containing corn-meal fly medium.
Larvae
For larval challenge, a tungsten wire, previously sharpened in a 0.1 M NaOH solution by electrolysis, is used.
1. Wash third instar wandering larvae in water and place them in a small drop of water on a black rubber block. 2. Prick larvae on their posterior lateral side. 3. Transfer larvae to a Petri dish containing apple juice medium and seal the plate carefully.
Following pricking, a dark spot appears at the site of injury corresponding to activation of the melanization cascade, which is a good way to ensure that the flies/larvae have been infected. Larvae are more sensitive to septic injury than adults. In some cases, septic injury can be replaced by injection (see Note 2).
Natural Infection
Natural infection is a way to infect Drosophila in the absence of artificial injury. It relies on oral ingestion of bacteria or on covering flies with spores of invasive fungi.
Bacterial Natural Infection
Natural infection is performed with the bacterial strains Ecc15 or P. entomophila. Ecc15 is not lethal for Drosophila and induces a strong systemic immune response only in larvae, whereas in adults it stimulates local expression of AMPs in several epithelial tissues. Conversely, P. entomophila is able to induce a local and systemic immune response in both adults and larvae but in addition leads to death of wild-type larvae and flies. It is possible to rehydrate the paper each day with additional food solution. 
Larvae
Fungal Natural Infection
Fungal natural infection is usually performed with the entomopathogenic fungus B. bassiana, which has the ability to cross the cuticle of insects, through the secretion of proteases and lipases, and causes a significant mortality in wild-type adult flies (14, 15). 1 . Anesthetize adult flies and place them on a Petri dish containing a sporulating fungus. 2. Hand-shake thoroughly for 30 s to cover the flies with spores. 3. Transfer infected flies to a clean corn-meal fly medium and incubate at 29°C. Vials should be changed every other day.
Larvae can also be rolled on sporulated plates. Several parameters can influence the infection process (see Note 3). In cases where the pathogens are lethal for mutant flies, it is recommended to use nonliving compounds instead of the entire microorganisms, such as peptidoglycans purified from bacteria (16,17), which are good elicitors of the immune response (see Note 4).
Measuring Drosophila AMP Gene Expression
AMP gene expression is measured on samples collected at different time points, according to the expression peak of the monitored gene and the type of infection. Moreover, previously characterized mutants affecting different components of Drosophila signaling pathways, like spz rm7 and Rel E20 , are included in each experiment as internal controls. Table 3 gives the time points at which flies or larvae should be collected for a time course study. Because the range of AMP gene expression can vary from almost undetectable expression to high levels of transcription, it is essential to include unchallenged and bacterialchallenged wild-type flies in each experiment to determine the expression range of the monitored AMP. It is also important to perform experiments applying the same conditions (sex, age of flies, and time of day; see Note 5). Combining two independent methods (e.g., reporter genes and RT-qPCR) is the best way to obtain a significant result.
Reporter Genes
The use of reporter genes is an informative method to analyze the expression pattern of Drosophila immune genes. Hence, they are the best tools to monitor local expression of AMP genes, which is largely controlled by the Toll and Imd pathways. It is important to ascertain, however, that the reporter gene precisely reproduces the pattern of endogenous gene expression.
LacZ Reporter Genes
Drosophila lines carrying a P-transgene wherein AMP gene promoter sequences are fused upstream of lacZ (see Table 1 ) allow the analysis of the expression patterns of the corresponding genes by X-gal staining and the quantification of the expression levels by titration of LacZ activity. -persisting microbes (3, 27) .
RT-qPCR
The northern blot technique has been extensively used to analyze the infection-induced AMP gene expression. A better alternative to study this process is the RT-qPCR method. It consists of a kinetic quantification of a PCR product by measuring a fluorescence signal, which is directly proportional to the amount of accumulated double-stranded DNA. Absolute quantification of the DNA concentration of a sample allows the determination of the corresponding gene expression level. Besides, this technique is safer because it does not require radioactivity.
Total RNA Extraction
All steps are performed wearing gloves and using RNase-free products in order to prevent contamination by RNases.
cDNA Synthesis
Filter tips are used to prevent contamination of the samples by foreign amplicons. The reverse transcription is performed in a 20 μl final volume. For each experiment, include two control samples: one without RNA and the other without SSII-RT. 6. Dilute RT products to 1/50 in water. 7. Store diluted RT products at -20°C.
RT-qPCR
Expression levels of the Drs and Dpt genes are used as readouts for the Toll and Imd pathways, respectively, after being normalized to rp49 (constitutively expressed in Drosophila) expression level (see Note 10). Experiments are performed in 20-μl glass capillaries using the LightCycler ® 2.0 System (other systems exist; see Note 11). Include a control sample containing water instead of RT product. 4. Monitor the absolute quantification using the LightCycler ® software and calculate the gene expression level (R) using the formula:
, where E = PCR efficiency, CP = crossing point, x = Drs or Dpt. The PCR efficiency for each couple of corresponding primers is indicated in Table 2 .
Survival Analysis
Survival analyses are performed using several classes of bacteria that exhibit different interactions with Drosophila. Highly pathogenic bacteria (such as E. faecalis) kill flies after injection of low doses, weakly pathogenic bacteria induce low lethality as in the case of Ecc15, and non-pathogenic strains such as E. coli cause low lethality. Survival experiments must be carried out in the same conditions (methods, needle, experimenter, time) for each sample of flies. As a prerequisite, the fly strain must also exhibit a good viability in the absence of an immune challenge. A classical survival analysis in adults can be carried out by using Ecc15, E. faecalis, C. albicans, and B. bassiana as pathogens and Rel E20 and spz rm7 as positive controls.
1. Collect twenty 2-4 day-old adults. 2. Infect flies using a needle previously dipped into a bacterial or fungal solution. For B. bassiana, proceed as described in Subheading 3.2.2.2. 3. Incubate flies at 29°C and transfer them to a fresh vial every 2-3 days to ensure healthy medium conditions. 4. Count dead flies twice a day during 1 week.
Flies that die within 2 h after infection are excluded from the analysis (<5% as a norm; see Note 12). Infected larvae may be transferred onto a Petri dish containing apple juice agar or fly medium (20) to facilitate the sorting of dead versus live animals. A basic survival count for larvae includes the number of pupae and adults that emerge.
Notes
1. Preincubation at 37°C and centrifugation of the staining solution can prevent the formation of undesirable crystals. It can be stored for several months at 4°C. 2. Septic injury does not allow for an accurate quantification of injected microbes or microbial components. When necessary, a Drummond's Nanoject™ (automatic) injector can be used to deliver a defined volume of microbial solution. The glass capillary tips are pulled under high heat, backfilled with mineral oil, and then mounted onto the Nanoject device calibrated for the specified injection volume. Injections of 4-73 nl into an adult fly are possible. This apparatus can be used for the injection of microorganisms, chemicals, and purified bacterial compounds, where highly accurate conditions are required. 3. Parameters that can influence the infection process are:
The infection procedure. For instance, challenge via septic injury with B. bassiana triggers an immune response with characteristics and kinetics different from those elicited by a natural infection with the same fungus, suggesting that a different set of recognition signals is switched on in response to various infection methods. In the case of injection, the needle size and the site of injection may influence the infection process. Fly. Males usually express AMP at a higher level than females after systemic response. Unchallenged females constitutively express Drs at a low level (10). This basal level of expression can influence the induction rate after microbial infection.
Age of flies. We usually use 2-4 day-old flies, because younger flies still possess remainders of the larval fat body. Dpt expression is strongly dependent on the larval stage (21, 22) .
Time of day.
Microarray studies suggest that AMP gene expression can fluctuate with the circadian rhythm (23). 6 . Drosophila expresses an endogenous galactosidase in the midgut and few other tissues, the optimal pH of which is 6.5. It is possible to use fly lines deficient for the Drosophila gal gene to prevent monitoring of this background.
7. Strong induction of Drs-GFP in trachea is obtained by naturally infecting larvae with Ecc15 and keeping them at 18°C for 2 days. 8. The use of GFP reporters has two major drawbacks. First, in order to fluoresce, the protein requires cyclization, which results in a lag time, and thus GFP detection occurs long after that of -galactosidase with the same promoter. Second, GFP activity is difficult to quantify although quantification of a Drs-GFP reporter expression has been used to screen for regulators of the immune response using a spectrophotometer (24). 9. RNA extraction can be also performed from fly/larval tissues like gut or fat body.
In this case, collect about 50 samples of the tissue. 10. RT-qPCR analysis allows the course of a PCR to be visualized as a curve similar to a population growth curve. The initial lag phase lasts until the fluorescence signal from the PCR product is greater than the background fluorescence of the probe system. The exponential log phase starts when sufficient product has been generated to be detected above background and ends when the reaction enters the plateau phase and the reaction efficiency falls. Determination of the PCR cycle (called "crossing point" or CP) for which the fluorescence of a sample rises above the background fluorescence allows to calculate the expression level of the studied gene. 11. Alternatively, 96-or 384-well plates can be used. Besides, other suppliers have developed RT-qPCR systems, which can be used. However, the assays must be set up each time a parameter (primer, system, kit assay, etc.) is changed. In this case, PCR efficiency (which depends on the hybridization temperature of the primers), dilution of RT products, and melting curve (which gives the number of amplified products) have to be determined to ensure that only the designated PCR product is amplified. 12. Previous observations showed that survival rates may depend on the genetic background. For example, we noted that homozygous ebony fly stocks exhibit a low viability after infection as reported by Flyg et al. (25) . In order to examine the survival due exclusively to the mutation under analysis, we choose mutated chromosomes carrying a minimal number of markers (3).
